Impedance spectroscopy of many ceramics is a challenge due to their high electrical resistance. Small disturbances can significantly alter the measuring results. In the present paper, it is shown how impedance measurements can be performed in an electromagnetically noisy ac furnace, using consequent Faraday shielding of the sample and the electrical connections. As example, the conductivity data of alumina was measured between room temperature and 1000
INTRODUCTION
Impedance spectroscopy (IS) is a well established method to measure the frequency dependent electrical behavior of materials. 1 It is particularly suitable for the nondestructive characterization of internal interfaces of the specimen under observation, such as the grain boundaries of ceramic samples. But, as it has been pointed out in detail by 2 and, 3 it is important to keep the experimental limitations of the IS method in mind. Especially the electrodes employed (material, placement, geometry) have a substantial effect on the measured properties. 4, 5 Special care is required if materials with high resistivity--like many ceramics--are to be measured. When a guardring is used to block surface currents, 6 several normalization equations (to correct for the sample geometry) have been proposed in literature. [6] [7] [8] [9] They suggest effective diameters between the guardring's diameter and that of the enclosed electrode to calculate an effective electrode area to be used for normalization. Following these proposals, we encountered unreasonable discrepancies of the derived values when comparing measurements of the same sample with and without the use of the guardring: while the measured capacitance was nearly the same in both cases, the derived values of the relative permittivity in the guarded case differed about −36% from the unguarded ones. To overcome these problems, the ceramic capacitors were simulated in a three-dimensional finite element (FE) model. Comparing the simulated results with the equation of the ideal plate capacitor, a normalization factor was derived, which was applied to the experimental data to obtain material data independent from sample geometry. Furthermore, when dealing with ceramics, the temperature dependencies of the electrical properties measured by IS are of special interest for many high temperature applications. Usually, when an electric heater is employed, dc currents are needed in order not to alter the electrical measurements by induction. 6 Special furnaces have been constructed for high temperature IS, which avoid any electromagnetic radiation in the interior. For that, electrical heating is done exclusively by DC current, and special temperature sensors are used. 6, 10 But those furnaces are expensive and often very different from heating systems used in the application of the ceramics. Besides the furnace, there are other sources of electromagnetic noise in the laboratory, which have to be carefully eliminated. For that, metallic shields are usually used, 10 but they cannot withstand high temperatures. Therefore, we investigated an experimental setup that is capable of operating unbiased IS-measurements in irradiating environments at high temperatures.
EXPERIMENTAL SETUP
Ceramic specimen were prepared by cold isostatic pressing of a commercial alumina powder (A16SG, d 50 = 0.70 μm, Alcoa, Pittsburgh, USA) and sintering the cylindric green bodies at 1550
• C for 2 h in air. After sintering, densitymeasured by the Archimedian method-was larger than 97% of theoretical density. This means that all residual pores are expected to be closed. The samples were cut and grinded to plane-parallel discs. Sample thicknesses were in the range of 300 μm to 1000 μm. Electrodes were applied by screenprinting a conductive platinum-paste (OS2: CL 11-5100, Heraeus, Germany). The paste was hardened at 1185
• C for 0.2 h. As alumina has a very low residual electric conductivity, a guardring is used to block surface currents. 6 Thus, only the bulk properties of the ceramics are measured. Figure 1 shows the employed sample geometry. To obtain a proper electrical contact between the platinum layers and the measuring circuit, we used the platinum-paste (OS2) to glue thin Pt-wires (Ø = 100 μm) to each electrode. These thin wires were clamped by alumina screws to the Pt-wires used in the sample chamber.
The IS measurements were carried out in the frequency range from 100 mHz to 1 MHz using an Alpha-A Analyser with ZG4-Interface (Novocontrol Technologies, Germany). The analyser allows to calibrate the impedances of the feed cables and connections of the measurement setup. A furnace (MoSi 2 heating elements from Kanthal AB Sweden, temperature control 2604 from Eurotherm Germany, atmosphere: air) was used to vary the sample temperature during IS measurements between ambient temperature and 1000
• C. The thyristor activated temperature control, the ac current in the heating elements, and the laboratory environment provide crucial sources of electromagnetic emissions that may interfere with the electrical measurement by inducing voltage drops, e.g., along the rather long (∼0.5 m) wires needed to contact the sample within the furnace. Therefore, a shielding is needed to ensure proper measurements. For this purpose, we used a ceramic casing (alumina) that was coated by electrically conductive platinum-paste (FZ1137, Fraunhofer IKTS, Germany; hardened at 1400
• C for 2.5 h). Additionally, platinum-wires placed within Pt-shielded alumina tubes connect the sample with the impedance analyser (see Figure 2 ). This way, we provide a closed-thermally and mechanically stable-Faraday cage along the complete signal chain.
Unfortunately, the shielding yields in temperature deviations inside and outside the shielded casing, which arise due to thermal isolation effects of the casing when the furnace temperature is changed rapidly. Thus, it is necessary to control the sample temperature with a separate thermocouple, placed within the shielding directly adjacent to the sample. Figure 2 shows a sketch of the measurement system prepared within this work. A personal computer (PC) equipped with an inhouse computer program (VC++) controls the heating and measuring process fully automatically (see Refs. 11 and 12 for further details).
FE SIMULATION
With the equation of the ideal plate capacitor
where C is the capacitance, ε 0 the vacuum permittivity, A the effective electrode area, and d the sample thickness, the relative permittivity of the sample ε r can be calculated. The geometrical normalization factor dpA theo
(dpA = d per A) is calculated using the assumption that
where D CE is the diameter of the counter electrode 6 ( Figure 1 ). But due to stray fields, Eq. (1) is only accurate if (A/d) → ∞ and deviations for dpA theo are expected with increasing sample thickness. Furthermore, when a guardring is used, effective diameters have been proposed in literature 6-9 that lead to unreasonable differences when comparing measurements of the same sample with and without guardring (see Introduction).
To overcome these discrepancies, FE-simulations of the three-dimensional electric field distributions resulting from the real sample geometry (in air) were carried out. The dielectric behaviour of the capacitor shown in Figure 1 was simulated using the FE software ANSYS 9.0 (ANSYS Inc., Canonsburg). 13 Sample thickness d was varied to quantify its effect on the calculated material properties.
Electrostatic simulations using the ANSYS element type solid123 (material property = relative permittivity: ε air = 1.00059, ε ceramic = 10) were evaluated in terms of the resulting charge when a voltage of dU = 1 V was applied between the working and the counter electrode (compare Figure 1) . Figure 3 shows the geometrical model and the simulated electric potential when the guardring was used. Following these illustrations along the different geometries used within this work, it is seen on the computer display that the effective diameter of the electric field is always larger than that of the counter electrode. The use of the guardring reduces this effect.
Given the definition of the electrical capacitance
where Q is the electric charge of the electrode to which the voltage U is applied, the simulated geometrical normalization factor dpA SIM was calculated as
FIG. 3. Geometrical model of the ceramic capacitor within air (right) and electric potential calculated by FE methods (middle) when the electrode configuration with the guardring (left) was used (unguarded means that no constraints were applied to the nodes assigned to represent the guardring). The cross sections show the inside of the 3D-model.
A correction factor δ was evaluated as
(with ε r = 10 and U = 1 V), which depends upon the sample thickness. Accordingly, the correction of the measured permittivity values is performed as
where ε r is calculated from the measured capacitance using Eq. (1).
The final FE-model holds about 68 000 to 320 000 elements, depending on the capacitors thickness d. The standard error of the simulation result δ(d) due to convergence issues was determined to be around 2% ( Figure 6 ).
RESULTS AND DISCUSSION
First, the shielding of the electrical signal chain is tested. Figure 4 shows a comparison of electric signals with and without shielding, recorded with the help of a small antenna placed inside the sample chamber, and an oscilloscope. The rms values of the power density spectra (from 0 Hz to 25 MHz, sampling rate of 50 MHz) are rms (heating power 0%, shielded) = 17.1 μVs, rms (heating power 100%, shielded) = 17.2 μVs, rms (heating power 100%, no shield) = 333 μVs .   FIG. 4 . Electromagnetic noise measurements within the sample chamber to test the shielding. The heating power of the furnace was 100% in both cases.
FIG. 5.
Comparison of the conductivity data of alumina measured in this work with literature data from. 14 (The references to the original measurements can be found in Ref. 15) It is concluded that the technique described above yields an effective shielding against electromagnetic noise.
The electrical conductivity of alumina was measured from room temperature up to 1000
• C and compared to literature data. Figure 5 shows the corresponding Arrhenius plot. It can be seen that the values obtained with our experimental setup are in good agreement with literature data. The activation energy E a of the dominant conduction mechanism is determined by the Arrhenius law
where σ 0 is the (specific) conductivity, C is a constant, T is the absolute temperature in Kelvin, and k B is Boltzmann's constant. Two temperature regions were identified with slightly different slope ( Figure 5 ). The activation energies obtained for alumina by fitting Eq. (7) to the experimental data in these two regions were E a (319
This temperature dependency of the activation energy has been reported earlier in Ref. 4 , where the values have been stated as: E a (400 • C -650 • C) = 0.9 eV and E a (650 • C -1000
• C) = 2.0 eV. The reason for the different behaviour at low and high temperatures is not clear, though leakage currents along the sample's surface have been suggested to contribute or even dominate at temperatures below 700
• C. But as a guardring was used within this work, surface currents were blocked, and leakage currents along the gas phase or the sample holder were ruled out through empty cell measurements. Deviations from dpA theo up to 20% are observed. When the guardring is used, these deviations tend to be systematically smaller. For small d ≤ 1 mm, δ(d) can be described as a simple linear function. With increasing thickness (d > 1 mm), the curves become clearly nonlinear, especially the guarded one, and the difference between the guarded and the unguarded data further increases (see Figure 6) .
Finally, we applied these results to the experimental permittivity data of alumina samples of varying thicknessmeasured at 1.2 MHz and room temperature-and compared the relative permittivity for standard and FE corrected geometrical normalization. As it can be seen in Figure 7 , a clear trend of the permittivity data with sample thickness was detected after standard normalization. For the values obtained with the corrected normalization factors, this dependency on the sample thickness has been successfully eliminated.
These results show that, for standard capacitance measurements of ceramic substrates, a systematic error of 5% to 20% is to be expected. The deviations are much larger than uncertainties of the electrical measurements. So, the correction should always be applied, especially if samples of different geometries are to be compared. 
CONCLUSIONS
It was shown that the special shielding technique presented within this work successfully protects the electric measurements against electromagnetic radiation. It can be used in an electromagnetic noisy environment and withstands high temperatures. Although not tested in the current setup, maximum measuring temperatures of 1500
• C are expected for the technique. Moreover it was shown, that the FE simulation of the experimental setup can be used to correct stray fields, which otherwise lead to errors of 5% to 20% in a standard setup with plate capacitors. The use of the geometrical normalization factor that results from the FE simulations effectively eliminates this systematic error and therefore allows to calculate the material's properties independently of the geometry of the sample under investigation. The same FE model can also be used to obtain impedance data from samples of any geometry. So, the restriction to the standard plate geometry is overcome. However, when dealing with complex geometries at high frequencies, possible electrodynamic effects on the field distribution should be considered and scrutinized carefully.
